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ABSTRACT

MICROALGAL OIL EXTRACTION AND IN SITU
TRANSESTERIFICATION
by
Justin Ferrentino
University of New Hampshire, June, 2007

Oil extraction from microalgae is an important process for lab analysis, the
nutraceutical industry, and it will be important to growing field of algal biofuels. In
this thesis, six strains of high-oil microalgae were screened for neutral lipid content
and ease of culturing. One of these six, Chlorella sp., was cultured under various
growth conditions to determine the settings to produce both the most cells and the
highest neutral lipid content per cell. With this information, Chlorella sp. was
cultured in large batches to produce sizable harvest quantities (10’s of grams dry
cells). During large scale culturing, cell concentration data, fluorometric (neutral
lipid content) data, and pH data were collected to provide more information about the
culture growth behavior and to properly time harvests. Harvested cells were
centrifuged and freeze-dried for solvent extraction and in situ biodiesel production
experiments. From freeze-dried cells, the total lipid mass was determined
gravimetrically to be 8-10% of the dry mass, based on the solvent extraction method
of Bligh and Dyer (1959). Solvent extracted lipids were derivatized to Fatty Acid

X lll
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Methyl Esters (FAMEs) using methanol and a base catalyst (potassium hydroxide).
In situ FAME production was accomplished by adding a methanol/potassium
hydroxide solution directly to freeze-dried cells and treating with high-power
ultrasonication. Methanol amount, potassium hydroxide concentration, and
ultrasonication time and power, were all examined for their effect on FAME
production. Analysis of both solvent extraction produced FAMEs and in situ
produced FAMEs was accomplished with a gas chromatograph equipped with a
special FAME analysis capillary column and a Flame Ionization Detector. Pure
FAME reference standards and an internal standard were used to help identify
chromatographic data. For the freeze-dried cells used, the in situ FAME production
was able to produce 150% of the FAMEs identified from solvent extracted lipid
samples.

IV
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CHAPTER I

INTRODUCTION

1.1 Biodiesel as a Renewable Fuel

1.1.1 Renewable Fuels

Interest has been growing in the renewable fuels area as demand for fossil fuels
continues to grow faster than the exploitation of new supplies. The political and
environmental costs of U.S. dependence on fossil fuels are a largely recognized factor
driving a search for petroleum replacements. In addition, the concerns over global
climate change as direct result of fossil fuel burning, as well as general air pollution
concerns have contributed to this renewed interest in alternative fuels. Increasingly,
renewable liquid transportation fuels are being viewed as an important, domestically
producible alternative to petroleum. At the very least, along with conservation
measures, they may be viewed as a bridging technology before the arrival of fuel
cells, hydrogen, or other clean fuel technologies (Van Gerpen 2007).

1
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1.1.2 Biodiesel

The diesel fuel substitute biodiesel is becoming an important alternative liquid fuel.
Biodiesel or Fatty Acid Alkyl Esters is made by combining the triglycerides of any
biological fat or oil with an alcohol. The “Alkyl” in Fatty Acid Alkyl Esters is most
commonly “Methyl,” after the reactant methanol that is used during production (the
products can be referred to as FAMEs for short). Although the production of
biodiesel is most commonly done with a base-catalyzed reaction, acid catalysts or
enzymes can also perform this function. The production of FAMEs from
triglycerides is called transesterification. Usually, this involves combining the
feedstock oil with the reactant alcohol and a base catalyst, most commonly sodium
hydroxide (Knothe 2005). The transesterification reaction, which produces biodiesel
(FAMEs) and glycerol, can be seen in Figure 1.1.

2
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Figure 1.1: Transesterification Reaction, where R represents fatty acid chains

Biodiesel is clean burning, non-toxic, and carbon-neutral with respect to global
warming (provided the alcohol used is not derived from fossil fuels). Several studies
have documented its significant emissions improvement over petroleum diesel, and
this may be an important benefit for urban air quality (Sheehan et. al 1998).

Biodiesel can be burned in most modern diesel engines with no modifications and can
be blended in any proportion with petroleum diesel. This allows for its use in the
existing fuel distribution infrastructure and gives it value as a fuel extender.

Despite these significant advantages, two major challenges that biodiesel faces in
becoming the preferred diesel fuel are the cost and availability of feedstock oil. The
cost of vegetable oils most commonly used, like soybean and canola, run greater than
$2 per gallon. Waste vegetable oil is considerably cheaper, but the supply is

3
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decentralized and the total US production is only about 300 million gallons per year
(Knothe 2005). Virgin oil cost, coupled with processing costs has in recent times,
made biodiesel marginally more expensive than petroleum diesel. However, cost
alone is not the only obstacle; current and projected oilseed production capacities are
critical issues.

The approximate yield of oil from soybeans is about 40 gallons per acre-year, or 80
from canola, with these yields being representative estimates (Biodiesel Use in
Engines 2006). Actual yields depend heavily on growing conditions, including soil
type, climate, crop density, and fertilizer use. Considering these approximate yields
from soybeans and canola, it would take about 25,000 acres of soybeans or about
12,500 acres of canola to produce 1 million gallons of biodiesel per year (for
comparison New Hampshire is about 6 million acres). However, U.S. demand for
distillate fuel is roughly 63 billion gallons per year, with on-highway diesel
accounting for 38 billion gallons (U.S. Product 2006). Based on this consumption
rate, one thing is certain: with conventional land based crops the U.S. certainly can
not grow enough vegetable oil to meet this demand.

4
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1.2 Biodiesel from Microalgae

1.2.1 Microalgae as a Feedstock

Microalgae may be valuable as source of biodiesel feedstock oil. In this case, the
microalgae being considered are single-cell photoautotrophic (requiring only light,
nutrients, and inorganic carbon) organisms that have the ability to grow at very high
rates with only basic nutrient requirements. In general microalgae tend to have low
lipid contents, but some species of microalgae store a comparatively large portion
(10-60% of dry mass) of their energy reserves in oil droplets, thus making them a
potential oil source. This class of algae was the focus of the National Renewable
Energy Lab’s (NREL, previously SERI, or Solar Energy Research Institute) Aquatic
Species Program (1978 - 1996), where much of the work focused on species
screening and open pond cultivation. In their close-out report, NREL scientists
concluded that there were major research challenges to overcome before algae could
be grown for fuel, and that it was not at the time feasible. These challenges included
bringing down photobioreactor capital and operating costs, developing effective
measures to prevent contamination in open ponds, and finding or genetically
engineering algae species that would be contamination resistant while providing
consistently high oil production. These conclusions were largely a result of the low
cost of oil in the mid-1990s and the relatively low long term productivity observed in
open ponds (Sheehan et al. 1998). However, advances in genetic engineering and

5
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photobioreactor design may be able to meet these challenges. As a result there is
renewed interest in this field as a result of the most recent spike in oil prices.

1.2.1 Photobioreactors

Photobioreactors are closed vessels where algae can be cultured under optimum or
near-optimum growth conditions. Photobioreactors help minimize the threat of
contamination from competitive species and culture collapse from predation, both of
which are significant problems in open ponds. Compared to open ponds,
photobioreactors have high capital costs to build, but high rates of productivity, with
the potential to yield 5,000-15,000 gallons of microalgal oil per acre of land per year
(Brown et al. 1994). If an average yield of 10,000 gallons oil/acre/year could be
achieved, the 63 billion gallon per year diesel demand of the US could be produced in
just 6.3 million acres, of which none would have to be arable. The challenge for
photobioreactors is being able to achieve those yields in sustained operations, and in a
cost effective manner.

In some cases, photobioreactors serve only as the first step in an algae production
system, where they are used to create a monoculture under near-ideal conditions, with
the mature algae culture then being discharged to open ponds. In open ponds a
nutrient deficiency or other such stress is used to increase the oil content of the algae
cells (Huntley 2004). Such a system minimizes the size of photobioreactors to be
built while still providing their benefits (dense monoculture). This and other

6
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photobioreactor designs are an active research area and will be important to lowering
the costs of photobioreactor use.

From a similar economic point of view, coupling algae growth with the performance
of beneficial tasks, such as scrubbing carbon dioxide from power plant flue gases or
removing nutrients from wastewater, will likely be necessary. By coupling algae
production with a waste treatment or pollution control process, the economic viability
of microalgal biodiesel is significantly improved. Utilizing power plant flue gases to
grow algae for biofuels is currently being explored by several companies. In any
such process where algae are to be produced for fuel, as shown in Figure 1.2,
extraction of oil from the harvested microalgae is an important step to be examined.
This is most often accomplished with the use of a solvent, which is later recovered.

This research concerns attempts to increase biodiesel yield from algae and simplify
the oil extraction process through the use of an “in situ” combined
transesterification/oil extraction step, thereby improving the economics of algal
biodiesel production.

7
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End
Use

Nutrients

co2

Algae

Algae residue

P h o to b io reacto r

Oil extraction
From algae
W ater
Recycle +
Algae

Oil-rich
algae

Oil-rich algae +
W ater

Algal oil

Biodiesel Production
(transesterification)

Alcohol +
Catalyst

Separation

Biodiesel

Glycerol

Figure 1.2: Schematic of Algal Biodiesel Production.

Figure 1.2 describes the following process for the production of biodiesel from algae:

1. Microalgae are grown in a photobioreactor, which is a closed vessel that
allows light to penetrate to a growth medium consisting of water, nutrients,
and algal cells.
2. Microalgae harvesting separates the oil rich algae from the water, allowing the
water and some algae to recycle back to the photobioreactor. Such a design
would allow for continuous operation, with system start-up being the only
time new algae cells are required.
8
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3. Oil extraction from the harvested algae. In industrial oil extraction from
oilseed crops, this is most commonly done by solvent extraction, and may be
preceded by mechanical cell disruption as well. The solvent is recovered and
reused after this step.
4. Biodiesel production is most often done by transesterification with alcohol
and a catalyst.

9
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1.3 Project Goal and Tasks

The extraction of lipids from microalgae has thus far largely been confined to the
development and use of appropriate lab scale techniques for analytical procedures and
the recovery of specific algal components for high value nutraceuticals. This project
is an exploration of an alternative transesterification/extraction method for the
production of algal biodiesel. The aim is to quantify how this technique compares to
traditional recovery techniques, and the hope is that an alternative technique could
provide some process simplification, cost reduction, or both. Based upon a literature
review, it is believed that no other work on in situ biodiesel production from
microalgae has been performed.

The overall goal of this research is to quantify the FAME production from microalgal
oil obtained by traditional solvent extraction and derivatization, and to compare that
to an in situ transesterification technique. Specifically, the tasks of this project are
laid out in Table 1.1.
Table 1.1: Thesis Tasks

Step #

Goal
1
2

Select six strains o f high-oil algae based on literature review
Screen six strains o f algae for ease o f growth and neutral lipid production

3

Select one o f these strains to culture in large quantities (order o f 10’s o f grams,dry)

4

Determine total lipid mass from lyophilized (freeze dried) algae samples with the use
o f a solvent extraction
Quantify total FAME production from solvent extracted lipid samples

5
6

Quantify total FAME production from varying amounts o f methanol, potassium
hydroxide, and ultrasonication applied to in situ prepared samples

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.4 Thesis Organization

The material presented in this study is organized as follows:
•

Relevant information on previous work with green algae, in situ biodiesel
production, and ultrasound-enhanced FAME production can be found in
Chapter II

•

Chapter III describes experimental materials and methods used

•

Results are presented and discussed in Chapter IV

•

Conclusions are discussed in Chapter V

•

Chapter VI makes recommendations for future work on this topic

11
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CHAPTER II

LITERATURE REVIEW

2.1 Fatty Acid Chemistry and Biodiesel

Fatty acids are the important part of any biodiesel feedstock. Whether the fatty acids
are bound in triglycerides (as in vegetable oil) or in polar membrane lipids in
microalgal cells, they have specific properties in their pure form. These properties
impact to a great degree the properties of the resultant biodiesel.

Fatty acids consist of a carboxylic acid head and hydrogenated carbon chain. Of
particular importance is the saturation of the fatty acids. Saturated fatty acids have no
double-bonded carbons, while unsaturated fatty acids have at least one double-boned
carbon. A breakdown of common 18-carbon fatty acids is found in Figure 2.1

12
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Saturated Acids:
- Stearic acid: HOOC(CH2)16CH3
- Acronym C l8:0

Unsaturated Acids:
-O le ic acid (C18:l)
- . ( CH 2 ) 7

z

-<CH2>7

- Linoleic acid (C18:2)
jt

t CHg>7

z

2

<CU2)4

- Linolenic acid (C18:3)
H O ?C

Z
--------

Figure 2.1: Structure of 18-Carbon Fatty Acids

The degree of unsaturation has a large effect on the properties of the fatty acid,
namely the melting point. This can be seen in Table 2.1

Fatty Acid
Palmitic
Stearic
Oleic
Linoleic
Linolenic

Table 2.1: Properties of Common Fatty Acids
Melting Point
Acronym
Molecular Weight
(°C)
C16:0
256.43
63.0
284.43
71.0
C18:0
0 8 :1
282.47
16.0
0 8 :2
280.45
-5.0
278.44
0 8 :3
- 11.0

Melting Point (°F)

13
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145.4
159.8
60.8
23.0
12.2

These properties of the fatty acids are reflected when they are then used to make Fatty
Acid Methyl Esters or biodiesel. This can be seen in Table 2.2. This table also shows
how conversion to FAMEs lowers the melting point of a corresponding fatty acid.

Methyl Ester
Methyl Palmitate
Methyl Stearate
Methyl Oleate
Methyl Linoleate
Methyl Linoleneate

Table 2.2: Properties of Common FAMEs
Acronym
Melting Point (°C)
C16:0
30.5
C18:0
39.1
0 8 :1
-2 0
0 8 :2
-35
0 8 :3
-57

Melting Point (°F)
86.9
102

-4
-31
-70.6

2.2 Microalgal Lipid Production

2.2.1 Chlorella

Algae are a large class of organisms with diverse morphology. Here, the algae being
considered are microalgae, which are generally single celled photoautotrophic or
photoheterotrophic organisms (algal cells that take up organic carbon in addition to
carrying out photosynthesis) that grow in an aqueous growth medium. This thesis is
concerned with the green algae Chlorella.

The genus Chlorella is a large segment of the class Chlorophyceae with many diverse
species. Some of these species are of interest to the dietary supplement or
nutraceutical industry because of their production of polyunsaturated fatty acids

14
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(PUFA), antioxidants (like p-Carotene), and other beneficial products. These species
are also of interest to the growing research area of algal biodiesel. Here the
triglycerides and other fatty acid molecules produced by Chlorella are a potential
feedstock for biodiesel, a renewable diesel fuel substitute. These two areas provide
the motivation for understanding the metabolic pathways for lipid production and the
conditions under which lipid production can be maximized in Chlorella. The
«

following is brief discussion of some published experiments dealing with these topics.

2.2.2 Lipid Metabolism and Function in Chlorella

Fatty acid synthesis in Chlorella, as in all Chlorophyta, is oxygen dependent and
produces mostly fatty acids of chain lengths from 16 carbons to 22 carbons. This
production of fatty acids is referred to as “Pathway #1” where 2 carbon building
blocks are combined to make the saturated 16 carbon fatty acid, palmitic acid.
Factors such as nutrient concentration, salinity, light intensity, and temperature all
influence the lipid content and distribution (for instance between polar and nonpolar
lipids) of the cells (Zaborsky 1982).

In algal cells, neutral lipids (triglycerides) are used as form of carbon and energy
storage, while phospholipids and glycolipids are in the class of polar lipids, whose
function includes forming cell and chloroplast membranes (Guckert and Cooksey
1990). Although polar lipids can be made into biodiesel, traditional feedstocks are
triglycerides, so nonpolar lipids are the more desirable algal product.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Otsuka and Morimura (1966) used synchronously grown cultures of Chlorella
ellipsoidea to demonstrate the change in fatty acid composition over the stages of cell
growth. With a methanol/ethanol/ether lipid extraction, followed by chromatography
using a silicic acid column to separate polar and non-polar lipids, resolution of the
individual fatty acid methyl esters was achieved. This analysis was done at various
stages of cell growth. The resulting fatty acid profile organized by growth stage,
showed a change in the relative distribution of polar and non-polar fatty acids at
successive stages in cell growth. Chlorella ellipsoidea had a spike in polar fatty acid
content early in growth phase, and a spike in nonpolar fatty acids closer to cell
division. The accumulation of polar fatty acids likely has to do with the cell
requirement for new membrane lipids during growth stages, where the accumulation
of nonpolar fatty acids is a build up of energy reserves prior to the cell dividing
(Otsuka and Morimura 1966).

The same analysis was performed with greater resolution immediately following cell
division. This time, constant light was interrupted by one hour breaks of dark and
average cell volume was also considered on the same time scale. In the light, non
polar fatty acids increased, probably because the cells were producing more energy
for themselves faster than they could grow. Also in the light, polar fatty acid levels
increased at first, but then stayed roughly constant as the cell volume increased. The
relative amount of polar lipids stays the same or decreases in the light due to
production of nonpolar storage lipids, but rapidly increase in the dark when the
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nonpolar lipids are consumed for cell processes and to make more polar lipids to
continue cell growth during the light (Otsuka and Morimura 1966).

It was found that oleic acid (C 18:1) and palmitic acid (C16:0) are the most abundant
fatty acids at most growth stages. C18:l was consumed during cell division
regardless of whether the cells were under light or dark conditions, suggesting that
0 8 : 1 in triglycerides is a major source of energy during cell division or that it is
important for various synthesis processes that may be a part of cell division. As is
characteristic of green algae, 80% of the fatty acids in Chlorella ellipsoidea are
unsaturated fatty acids, and palmitic acid is the only saturated fatty acid found in
significant quantity in the cells (Otsuka and Morimura 1966). This has important
implications for nutraceutical use, which may focus on high PUFA production, and
for beneficial cold weather properties of biodiesel made from this oil.

In other work, Chlorella pyrenoidosa was grown under heterotrophic conditions with
acetate or glucose in combination with inorganic nitrogen (Yung and Mudd 1966).
Since nitrate reduction is stimulated in the light, and fatty acid synthesis is as well,
the aim was to see if the two processes are competing for reductant. Under a range of
pH conditions, it was found that a pH of 4-5 is best for the synthesis of water soluble
compounds, while a pH of 7.5 is best for making lipids.

This is believed to be because the undissociated acid has an easier time permeating
the cell membrane than the acetate ion. The greater synthesis of lipid at pH of 7.5
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may be explained by more bicarbonate being available to the cell’s carbon
concentrating mechanism (CCM) for carboxylation in fatty acid synthesis.

Additionally, glucose and acetate metabolism were compared when the cells were
placed in nitrate, nitrite, hydroxylamine, and ammonium ion (Yung and Mudd 1966).
This was done under “lab light” conditions, meaning the cells were light limited.
Nitrate and ammonium had little effect on the acetate metabolism, and the former
result is somewhat unexpected since reducing nitrate would seem to compete with
fatty acid synthesis for reductant.

2.2.3 Maximizing Oil Content

Guckert and Cooksey (1990) performed experiments that showed how the fatty acid
profile of Chlorella sp. (CHLOR1 by the SERI-NREL designation) changes with pH.
The intent of the experiments were to show how the fatty acid profile changed with
nitrogen deficiency, since it is common for this to increase neutral lipid production in
microalgae, hence making the algae more useful for biodiesel production. A similar
deficiency in silicate can increase neutral lipid in diatoms. Instead, it was found that
over time the pH of the cultures increased and that neutral lipid accumulation
happened before any nitrogen deficiency could occur. Lipid accumulation generally
happens because the cell growth cycle is inhibited at some point and cell division is
delayed. During this time, the cells continue to make and store lipids in anticipation
of division, thus the neutral lipid content will increase.
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The authors used cells grown in biological buffers for three different pH ’s (7.5, 9.3,
and 10.4) and compared them with unbuffered (initial pH of 6.7) grown cells for
average pH, average cell density, and average triglyceride content (as measured by
Nile Red fluorescence) after ten days of growth (Guckert and Cooksey 1990). The
cultures were provided with 24 hour illumination.

The unbuffered cell cultures gradually increased to a pH of around 9.5 on their own
while the buffered cultures held at a relatively constant pH. The experiments showed
that the higher pH cultures exhibited slowed growth and generally had a lower cell
concentration. The high pH cultured cells were also the biggest producers of
triglyceride (Guckert and Cooksey 1990).

The authors observed a shift from polar and glycolipid production to triglyceride
production in the high pH cultured cells, but it is important to note that the total lipid
production was significantly lower in the retarded cells.

2.3 Photobioreactors

As stated previously, photobioreactors are closed vessels that allow light to pass
through to the algae and aqueous growth media. Their chief advantages lie in the
ability to provide near optimal growth conditions and prevent culture contamination,
which are both challenges in open ponds. Photobioreactors come in various designs
and are made of various materials.
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Photobioreactors can be broken into different classifications based on their designs.
These include: a) flat or tubular, b) horizontal, inclined, vertical, or spiral, and c)
manifold or serpentine (Richmond 2004). All of these designs have advantages and
drawbacks which will not be discussed here. Photobioreactor design and research is
an ongoing effort for the nutraceutical industry and the nascent algal biofuels
industry.

The common elements that must be considered in any photobioreactor design are the
species to be cultured, surface area-to-volume ratio, orientation and inclination,
mixing and degassing devices, transparency and material durability, and systems for
cleaning and regulation of temperature. These must be specifically tailored to the
species to be cultured since algae have such diverse morphology and requirements
(Richmond 2004).

Cost is a primary consideration for the use of photobioreactors for fuel production as
a result of the generally higher capital and operating costs of photobioreactors
compared to open ponds. That is, compared with nutraceutical products, which are
value-added and command a price premium for the relatively small quantities
produced, the end cost of a gallon of fuel produced from a photobioreactor system
must be much lower. Thus, a photobioreactor used for fuel production must be much
less expensive to build and operate compared to one used for nutraceutical
production. This is a major hurdle that photobioreactors must overcome to be used
for any kind of biofuels production.
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2.4 Laboratory Techniques

2.4.1 Neutral Lipid Determination with Nile Red Fluorescence Technique

Nile Red is a fluorophore (i.e., it becomes fluorescent when exposed to specific
wavelengths of light) in nonpolar environments, like that of lipid droplets in algal
cells. Nile Red dye (9-diethylamino-5H-benzo[a]phenoxazine-5-one) was used by
Cooksey et al. (1987) to determine neutral lipid content of algal cells. The authors in
this study used cell cultures that were stained with Nile Red in acetone to a final
concentration of 1 pg/mL cell culture, and compared the average peak fluorescence
measured by a spectrofluorometer to gravimetric total lipid determination for
Amphora cojfeaeformis, Navicula sp., Tropidoneis sp., and Chlorella sp. (SERINREL CHLOR1). The authors detailed how fluorescence readings for a single
sample increase rapidly to a peak, then decay over time in the spectrofluorometer. In
this case, the spectrofluorometer was using an excitation wavelength of 488-525nm,
and was looking for a sample emission from 570-600nm. The authors found that
there was a linear relationship between the peak fluorescence of algal cultures and the
gravimetrically determined total lipid. This makes the Nile Red Fluorescence
Technique (NRFT) an attractive method for fast determination of cell lipid content
(Cooksey et al. 1987). That is, depending on the size of the lipid droplets in the cells
(which regulates how quickly the Nile Red dye can diffuse into them), a fluorometric
lipid determination can be performed in a matter of minutes, whereas a gravimetric
determination takes approximately 2-3 days.
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2.4.2 Algal Oil Extraction

Oil extraction from biological materials is performed by chemical means, physical
means, or a combination of the two. For large scale oil extraction from microalgae,
the process is usually accomplished with mechanical cell disruption followed by
solvent extraction. In this case, the mechanical disruption is commonly performed
with either a bead mill or ultrasonication. Bead mills work by having a vertical or
horizontal cylindrical chamber that houses a series of mechanically driven agitating
elements. The grinding of the cells is performed by plastic or glass beads that occupy
about 80% of the chamber’s volume. Ultrasonication, another main technique, uses
an ultrasonic probe to disrupt small volumes of cells, as a means of breaking
membranes and allowing solvents better access to cell contents. The probe uses a
transducer to generate sound (pressure) waves which in turn cause small bubbles to
form, and it is the formation and cavitation of these bubbles that produces shock
waves that rupture the cells. It has been found that at higher working volumes a
higher acoustic power is required, which can cause larger bubble formation and
decreased effectiveness. Thus, for large scale use, specially designed disruption
vessels, with a continuous flowing stream of material to be disrupted are used
(Richmond 2004). A schematic representation of an ultrasonic probe can be seen in
Figure 2.2.
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High Voltage
Power Source

Transducer

Tip is bathed in solution to be
sonicated. Energized tip oscillates
to produce pressure waves.

Energized Tip

Figure 2.2: Schematic of High Power Ultrasonic Probe

The solvent extraction of oil which typically follows mechanical disruption of algae
cells can be performed with a two solvent system, which is used for lab scale “total
lipid” analysis, or with a nonpolar solvent like hexane. At the lab scale, where often
no mechanical disruption precedes, this can be done by the method of Bligh and Dyer
(1959), which uses a chloroform/methanol/water extraction, being the necessary non
polar (chloroform) and polar (methanol) solvents to extract the corresponding lipid
fractions from the cells. Solvent extractions have the main advantage of giving
generally high recoveries of lipids which can then be further refined or used in a
crude form.

There are other lab scale techniques, including hexane/isopropanol and Soxhlet
techniques, but for industrial scale, hexane extraction predominates. On an industrial
scale, the drawbacks of using solvent extraction are that it requires extra energy input
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(to distill the solvent), and with some percentage of solvent being lost to the solids, it
has the potential to restrict options for their end use (Haas et al. 2004).

2.4.3 In situ Transesterification

In the standard production of most crude vegetable oil for biodiesel, hexane solvent
extraction is the most commonly used method. Despite the ability for large extraction
plants to achieve high solvent recovery rates, say when extracting oil from soybeans,
the solvent loss can represent a significant amount - on the order of 3,800 liters of
hexane per day from a 3000 tons oilseed per day extraction plant (Haas et al. 2004).
The solvent loss, energy input to distill off the solvent, and the possible
contamination of solids all provide the motivation for an extraction technique that
could cost effectively replace hexane. In addition many solvents, like hexane, are
themselves petroleum derived. This applies to oil extraction from microalgae the
same as it does to oilseeds, and in situ transesterification has the potential to simplify
the oil extraction/ transesterification process and eliminate the need for a separate
solvent.

For biodiesel production, in situ transesterification has been studied for soybean
flakes, sunflower seeds, rice bran, and other materials. Here, the term in situ means
that the reactants are added directly to the raw feedstock- such as sunflower seeds or
soy flakes. This has been done in the interest of producing FAMEs for fuel as well as
a lab derivatization technique. These in situ transesterification reactions have been
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carried out under both acidic and alkaline conditions. Carrapiso and Garcia (2000)
noted that based on studies done with in situ FAME synthesis, adequate knowledge of
the sample characteristics could prevent derivatization errors. For example,
knowledge that the water content of a sample could cause saponification if a normal
base catalyzed transesterification were used can enable a researcher to take
appropriate steps. The authors found that with proper knowledge of the samples in
situ FAME production techniques compared favorably to traditional derivatization
methods (Carrapiso and Garcia, 2000).

Haas et al were able to determine the optimum sodium hydroxide concentration,
methanol amount, and incubation time for five gram samples of lyophilized soy
flakes. This work revealed that at 60°C, with an 8 hour incubation, a
methanol/triglyceride/ sodium hydroxide molar ratio of 226:1:1.6 produced the best
recovery of FAMEs. At higher concentrations of sodium hydroxide, the authors
found that FAME production decreased dramatically. This in situ technique removed
95% of the lipid from soy flakes, and achieved 84% efficiency in conversion to
FAMEs, resulting in an overall transesterification efficiency of 80%.

2.4.4 Biodiesel Production with Ultrasonic Waves

Although sonochemistry is a relatively young field, FAME production with the aid of
ultrasonic waves has been carried out by several research groups. This is different
than the use of ultrasonic waves in the traditional biological sense, where the goal is

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

cell membrane disruption and sample homogenization. In this case, the goal is use
ultrasonic waves to provide locally high temperatures and pressures within the
sample, in addition to creating an emulsion where the reactants have a greater surface
area over which to react. Ji et al. (2006) used an ultrasonic probe reactor to produce
FAMEs from soy oil using a sodium hydroxide catalyzed process. They were able to
specify optimal reaction conditions at a 6:1 methanol/oil molar ratio, 45 °C, and
continuous ultrasonic power at 150 Watts for 100 grams of vegetable oil. At higher
ultrasonic powers decreased FAME production was observed, which the authors
believed to be from methanol vaporization adjusting the stoichiometric ratio of
reactants. They hypothesized that high ultrasonic power produced large amounts of
bubbles in the system, and that the vapor filled bubbles reduced the methanol content
in the liquid phase reaction system and interface area. They concluded that larger
ultrasonic power does not always give better results, but that the overall reaction rate
depended on the degree of emulsification in the system.

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.5 Summary

A brief summary of some of the cited work based on the literature review conducted
for this thesis project is found in Table 2.3. To the author’s knowledge there has been
no previous work done on high power ultrasonic-aided in situ algal FAME
production.

Table 2.3: Summary of Cited Work

Research Area
Neutral Lipid Determination with Nile Red
Fluorescence Technique
Photobioreactors
Algal Oil Extraction

Cited Work
Cooksey & Guckert 1990, Cooksey et al
1987
Richmond 2004
Richmond 2004,Carrapiso & Garcia
2000

In situ Transesterification

Haas et al 2004

Biodiesel Production with Ultrasonic
Waves
High Power Ultrasonic-aided In situ Algal
FAME Production

Ji et al. 2006
This thesis project
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CHAPTER III

MATERIALS AND METHODS

3.1 Experimental Materials

2 Kalwall fiberglass 12” diameter, 4 ft tanks, 89 L capacity each
16 32-Watt T -8 cool white fluorescent lights
2 Space Blankets (Aluminized Mylar)
Bausch & Lomb Spectronic 20 Spectrophotometer
Varian SF 330 Spectrofluorometer
Damon IEC B-20A Centrifuge
Labconco Freeze Dryer 5 (600 mL flasks)
Heat Systems Ultrasonics W-375 Sonicator (375 W, 20 kHz)
Pyrex condensing column
Hewlett Packard HP 5890 Series II Gas Chromatograph w/ Flame Ionization Detector
and HP 3396 Integrator, interfaced with a computer using HP Peak96 Software
30 meter 0.25mm (0.25pm df) Restek FAMEWAX Column with 5 meter 0.32 mm
Intermediate-Polarity Deactivated Fused Silica Guard Column
Software: JMP 6.0, MS Excel, OriginPro 7.5
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3.2 Experimental Procedure

3.2.1 Algae Growth and Screening

Six strains of algae chosen from the SERI-NREL microalgae culture collection at the
University of Hawaii were used. These included Nannochloropsis sp. I and
Nannochloropsis sp. II strains, Dunaliella tertiolecta, Dunaliella salina, Chlorella
salina, and Chlorella sp. Most of these six strains were identified based on their use
in previous literature (i.e., reported oil content), but some substitutions had to be
made as not all of the desired cultures were viable. These six strains were grown
under various conditions, including nutrient sufficiency/deficiency, hypo/hyper
osmotic stress, and high light intensity. A Bausch & Lomb Spectronic 20
spectrophotometer was used to determine optical density of cultures at 687 nm, which
is in the absorbance range for chlorophyll, since chlorophyll concentration is a
reasonable surrogate for cell concentration. These absorbance readings on the
spectrophotometer are actually turbidity readings, since the cells are individual
particles or suspended solids.

Special attention was paid to the nitrogen sufficient and nitrogen limiting conditions
since it is known that some species of microalgae rapidly increase oil production
while suffering from nitrogen deficiency (Suen et al. 1987). In Table 3.1 the basic
growth medium recipe that was used is shown. This was the mixture of macro and
micronutrients supplied to the algae for different batch cultures. During one of the
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later large batch culturing runs the growth medium recipe was modified to have V2 the
recipe amount of sodium chloride, potassium nitrate, and magnesium sulfate.

Table 3.1: Growth Medium Recipe with Reverse Osmosis Water

Chemical
Macronutrients
Calcium Chloride
Boric Acid
Potassium Nitrate
Magesium Sulfate
Sodium Phosphate
Sodium Chloride
Micronutrients
EDTA (Ethylenediamine
Tetraacetic Acid)
Ferrous Sulfate
Zinc Sulfate
Molybdenum Oxide
Copper Sulfate
Cobalt Chloride
Mangenese Chloride

Formula

Concentration

CaCl2*2H20 (mw 147)
H 3BO 3 (mw 62)
KNO 3 (mw 101)
M gS 0 4*7H20 (mw 247)
Na 2H P 0 4 (mw 142)
NaCl (mw 58)

0.2 mM
0.13 mM
5.2 mM
5 mM
0.4 mM
0.1 M

C i 0Hi 6N 2O 8 (mw 292)

26.9 mg/L

F eS 0 4*7H20 (mw 278)
Z n S 0 4*7H20 (mw 287)
M 0 O 3 (mw 144)
C u S 0 4* 5H20 (mw 250)
CoCl2*6H20 (mw 238)
MgCl2*4H20 (mw 126)

2.8 mg/L
0.288 mg/L
0.125 mg/L
0.075 mg/L
0.025 mg/L
0.15 mg/L

It is important to note that the specific growth conditions and optimal oil content were
not the focus of this project; the goal was only that a reasonable amount of oil be
available for extraction (10-20% of the algae dry mass). Screening for the relative oil
contents was done with a Varian SF330 Spectrofluorometer by the method of
Cooksey et al. (1987) on cultures that were diluted to equal cell concentrations, as
checked with the turbidity measurements from the spectrophotometer.
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3.2.2 Fluorometric Method

5 mL algae samples pulled from growth cultures were normalized with a saline
solution to a turbidity of 0.05 (5% light absorbance at 687 nm), corresponding to a
cell chlorophyll concentration of 0.72 pg/mL. 5 mL normalized concentration
samples were stained with 2 pL of 250 pg/mL Nile Red/acetone solution, giving a
final concentration of 0.1 pg/mL of Nile Red. Samples were then placed in the
spectrofluorometer with the excitation wavelength set at 525 nm and the emission
detector set at 575 nm. The spectrofluorometer settings utilized are shown in Table
3.2.

Table 3.2: Spectrofluorometer settings used with Varian SF 330

Read Mode
Time Constant
Sensitivity
Zero Adjust
Selector
Variable
Excitation
Slit (left)
Emission
Slit (right)

0.25
1

xlOO
0

xl
0

525 nm
3 nm
575 nm
2 0 nm

Fluorescence readings were taken initially and every minute thereafter until the peak
and tail of the readings was seen. For species like Nannochloropsis, this could take
up to 90 minutes (due to the larger diameter of its neutral lipid droplets). For the
Chlorella strains, this took a total of 6 minutes. NRFT data from multiple repetitions
(in this case three) from the same sample could have their peak fluorescence values
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averaged. This average of peak fluorescence value was called the Mean Peak
Normalized Fluorescence (MPNF), and was very useful for comparing data. Both the
absorbance and MPNF data were useful for making decisions about what to grow and
the status of a culture.

Based on relative fluorescence readings and growth rates (determined from turbidity
or optical density readings), the decision to grow large batches of Chlorella sp. was
made. Although only the third highest oil producer by the fluorometric method,
Chlorella sp. (CHLOR1 by the SERI-NREL designation) was quick to screen by the
NRFT (6 minutes/sample), grew at a very fast rate, and was not vulnerable to culture
contamination and collapse (meaning it was able to maintain a high culture density
for long periods without a culture die-off).

3.2.3 Large Scale Culturing

Large batches of Chlorella sp. were grown in two 89 L Kalwall fiberglass
photobioreactors with 16 (32 Watt each) cool white fluorescent light bulbs. The tank
and light setup was enclosed with an aluminized plastic curtain to reflect light back
on the setup. This arrangement was able to provide 200 pmols photons/m2*s (44
W/m2), which is approximately 1/10 of daytime light intensity (McCree 1972).
Filtered compressed air at 15 psig was forced through the fiberglass tanks to provide
mixing and gas exchange.
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To start the tank growing, growth medium was mixed and added to an approximate
volume of 60 or 70 L. With the light apparatus turned on, a small amount of seed
culture (100 mL) was added to the tank while air was bubbling through it. In
approximately one week, the tank would be a very dark green culture, indicating a
dense culture. Optical density measurements were taken at intervals to quantify the
culture density, and NRFT measurements helped determine how much neutral lipid
cells had accumulated.

After a decision was made to harvest, the harvest volume of cell culture was siphoned
off to a separate 25 L glass container. Aluminum sulfate was added at rate of 0.5 g/L,
and the container was shaken to ensure good mixing. In 15 minutes the cells would
settle out to a volume of approximately 4 L, and the remaining clarified liquid was
siphoned off and discarded. The settled cells were then centrifuged at 3500 times
gravity in a Damon IEC B-20A Centrifuge, and placed in flasks where they were
quick frozen in a dry ice/ethanol/acetone mix and lyophilized with a Labconco Freeze
Dryer 5 over a period of 24 hours. Lyophilized cells were combined into batches to
ensure homogeneous sample properties. It is important to note that a check of
samples with the NRFT showed that fluorescence measurements did not change
significantly during the settling/centrifuging process. The large scale culturing was
done both in a semi-batch operation and a batch only operation mode. The batch
operation mode included two trials, Trial 1 and Trial 2, where cell density, MPNF,
and pH were tracked over the lifespan of the culture.
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3.2.4 Solvent Extraction

Solvent extraction was performed on 1 g samples using a modified Bligh and Dyer
(1959) technique. All algae samples used for the solvent extraction and the in situ
production were from “Trial 1” of the large scale batch cultures. The extraction used
chloroform, methanol, and water as solvents in a 1:1:0.9 final volume ratio. The
technique required using acid-washed 250 mL sample jars, to which 1 g of freeze
dried sample was added plus 10 mL of chloroform, 20 mL of methanol, and 10 mL of
water (acid-washed glassware was soaked for 24 hours in 1 N HC1 solution, then
oven dried at 30 °C for 24 hours). The samples were then stirred gently for 24 hours.
Following the stirring, the samples were filtered through a Whatman #5 (2.5pm)
cellulose filter using a vacuum flask and Buchner funnel. 10 mL of chloroform was
used to rinse the jar and filter cake. The flask contents were then transferred to a pre
weighed acid-washed sample jar, where 10 mL water was added to break the sample
into two phases. The sample was then left for 24 hours to allow complete separation
into a clear top (methanol/water) layer and a green bottom (chloroform/lipid) layer.
After separation, the samples had the methanol/water layer removed by pipette, and
the chloroform evaporated under a blanket of nitrogen. The jars were then dried at 30
°C for 24 hours, wiped clean, and reweighed. The resulting mass difference of the jar
was the total lipid quantity for a 1 g dry algae sample. This whole procedure took
approximately 2-3 days.

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.2.5 FAME Production from Solvent Extracted Lipid

Solvent extracted lipid was transesterified by the addition of 10 mL of 0.1 M
potassium hydroxide (KOH) in methanol (MeOH) to the total lipid from 1 gram of
dry algae. This was followed by stirring for 1 hour at 50 °C. This technique was
later revised to use 10 mL of 0.01M KOH in methanol, based on low FAME yields
from the former determined by gas chromatograph (GC) analysis. 1 mL samples of
the solvent extracted FAME/methanol solution had 4 pL of 25 mg/mL C l9:0 FAME
added as an internal standard for use during GC analysis. This addition of C l 9:0
FAME corresponded concentration of 0.1 mg/mL in the samples (FAMEs dissolved
in 10 mL of methanol) and was thus used to tie the C l9:0 FAME area to this
concentration.

3.2.6 In situ FAME Production

One gram freeze dried cells were combined with a methanol/potassium hydroxide
solution and ultrasonicated with the Heat Systems Ultrasonics W-375 (375 W)
Sonicator in an ice bath. After ultrasonication, samples were stirred for 1 hour at 50
°C. This step was later eliminated as unnecessary. Samples were then filtered using
a Whatman #5 (2.5pm) cellulose filter with a vacuum flask and Buchner funnel.
Samples were then concentrated to a volume of 10 mL by gently heating to 50 °C in a
water bath and evaporating the methanol under a vacuum. The methanol vapors were
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condensed in a glass condensing column, cooled with water, to ensure the vapors did
not get pulled into the vacuum line.

During the first two rounds of in situ trials the methanol/potassium hydroxide solution
volume and the potassium hydroxide concentration were both set at two levels and
ultrasonication time was set at two levels, as seen in Table 3.3.

Table 2.3: In situ Treatment Structure for Runs 1 and 2
T rial#
1
2
3
4
5
6
7
8
9

Ultrasonication
(min)
10
10
10
10
20
20
20
20
20

KOH in MeOH
(N)
0.1
0.1
0.2
0.2
0.1
0.1
0.2
0.2
0

MeOH
(mL)
20
40
20
40
20
40
20
40
40

Power Density
(W/mL)
9.4
4.7
9-4
4.7
9.4
4.7
9-4
4.7
4.7

For ultrasonication, these high methanohoil mass ratios (160 g methanol: 1 g total
lipid, for the case of 20 mL methanol added) grew out of practical necessity and not
stoichiometric requirements; the methanol volume was needed to ensure the entire
mass of algae cells was wetted. In addition, the power density of Watts per volume
was a function of both the volume of methanol used and the “output control” on the
ultrasonic probe. The “Pulsed Duty Cycle” refers to the percentage of the time that
the ultrasonic probe is energized. For example, a 50% Duty Cycle means that for a
10 minute ultrasonication time, the probe cycles on and off continuously and is only

energized for V2 the total time or 5 minutes. “Output Control” refers to the deflection
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of the energized probe tip, and hence controls the power that is used to sonicate the
solution. Run 4 was the only time that it was changed to anything other than “5.” An
output control value of “5” means that 50% of 375 Watts or 187.5 Watts is used.

After data from the first two rounds were analyzed, the treatment structure was
changed for the third round of in situ treatments, as seen in Table 3.4.

None of the

Run 3 trials had catalyst (KOH) added to them.

Table 3.4: In situ Treatment Structure for Run 3
Trial#
1
2
3
4
5
6

Ultrasonication
(min)
10
10
20
20
30
30

Pulsed Duty Cycle

MeOH
(mL)
20
20
20
20
20
20

10%
50%
10%
50%
10%
50%

Power Density
(W/mL)
9.4
9.4
9.4
9.4
9.4
9.4

The fourth round of samples followed the treatment structure in Table 3.5, where the
one hour heating and stirring step was eliminated after ultrasonication and no catalyst
was added.

Table 3.5: In situ Treatment Structure for Run 4
Trial #
1
2
3
4

Ultrasonication
(min)
20
20
20
20

Pulsed Duty
Cycle

Output
Control

50%
50%
50%
50%

1
2
3
4

MeOH
(mL)
20
20
20
20

Power
Density
(W/mL)
1.9
3.8
5.6
7.5
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In Table 3.6 the in situ treatment structure for Run 5 can be found. These runs were
done with a 50% Pulsed Duty Cycle and an Output Control of 5.
Table 3.6: In situ Treatment Structure for Run 5
rial #
1
2
3

Ultrasonication
(min)
10
10
10

KOH in MeOH

(N)
0.0005
0.0010
0.0050

MeOH
(mL)
20
20
20

Power Density
(W/mL)
9.4
9.4
9.4

Table 3.7 shows the in situ treatment structure for Run 6 . These runs were done with
a 50% Pulsed Duty Cycle and an Output Control of 5.

Table 3.7: In situ Treatment Structure for Run 6
rial #
1
2
3

Ultrasonication
(min)
10
10
10

KOH in MeOH

(N)
0.100
0.075
0.050

MeOH
(mL)
20
20
20

Power Density
(W/mL)
9.4
9.4
9.4

Regardless of the specific treatment, 1 mL samples of the in situ FAME/methanol
solution had 4 pL of 25 mg/mL C l 9:0 FAME added as an internal standard, which
was necessary for the GC analysis. In Table 3.8 a summary of the in situ FAME
production runs and which factors were varied can be seen.

Table 3.8: Summary of In situ Treatment Runs
Run#
1
2
3
4
5
6

Trials
9
9
6
4
4
3

Ultrasonication Varied?
no
no
yes
yes
no
no

Heating?
yes
yes
no
no
no
no

KOH Varied?
yes
yes
no
no
yes
yes

MeOH Varied
yes
yes
no
no
no
no
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3.2.7 Experimental Flow Diagram
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Figure 3.1: Experimental Flow Diagram

The experimental procedure, consisting of nine steps, is shown in Figure 3.1.

1- Batch Algae Production: Two photobioreactors were used to produce large
volumes of Chlorella sp. culture.
2- Algae Settling: Algae harvests were separated from solution by settling in a
large glass vessel (25 L). The settling was facilitated by the addition of the
coagulant aluminum sulfate, A12(S 0 4)3.
3- Algae Centrifugation: The settled algae were centrifuged with a Damon IEC
B-20A centrifuge. The fluorometric screening technique was used to verify
that oil content of the separated algae did not change significantly during the
settling/centrifugation period.
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4- Freeze Drying: Samples of the centrifuged algae were then freeze-dried to
preserve them.
5- Sample Pooling: Cells from different harvests were pooled together into 50 g
batches.
6- Solvent Extraction of Algal Oil: Three 1 g samples per batch were treated
using a chloroform/methanol/water oil extraction technique (a modified
method of Bligh and Dyer (1959) procedure). The lipid fractions yielded by
this method were considered to be the baseline oil content of the cells.
7- Transesterification: The extracted oil was transesterified using methanol and
potassium hydroxide to produce biodiesel.
8- In situ Processing: The other 1 g samples from the batch were used to examine
the effectiveness of the in situ transesterification process. They were mixed
with methanol and potassium hydroxide and ultrasonicated with a 375 Watt
Heat Systems Ultrasonics W-375 Sonicator while surrounded by an ice bath.
The samples were then filtered and concentrated to a 10 mL volume.
9- GC Analysis: The FAMEs from both extraction methods were analyzed in a
Hewlett Packard HP-5890 Series II gas chromatograph equipped with a Flame
Ionization Detector.
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3.3 Analytical Procedure

3.3.1 Gas Chromatograph Analysis

One mL samples were pulled from the 10 mL samples of FAMEs in methanol
(solvent extracted and in situ) and had C l9:0 FAME internal standard added to them
to a concentration of 0.1 mg/mL of solution. From these 1 mL samples, 0.5 pL
injections were made into the Hewlett Packard HP 5890 Series II Gas Chromatograph
equipped with a Flame Ionization Detector. The Gas Chromatograph (GC) was
connected to an HP 3396 Integrator which was interfaced with a computer using HP
Peak96 Software. The column used was a 30 meter, 0.25mm inner diameter, 0.25pm
df (film thickness) Restek FAMEWAX Column with a 5 meter 0.32 mm inner
diameter Intermediate-Polarity Deactivated Fused Silica Guard Column. Helium was
used as the carrier gas, flowing at 2.85 mL/min or 52.0 cm/s at 50 °C. Samples were
injected into an On-Column injection port temperature at 250 °C, with the detector
temperature set at 250 °C, and the following oven temperature profile: 150 °C for 2
minutes, 8 °C/min up to 200 °C, 20 °C/min up to 240 °C, which was held for 10
minutes. The entire temperature program took 20.25 minutes to run.

Data was transferred to a computer using a specialized serial cable and the HP Peak96
software (see Appendix C). Data files were exported and peak fitting was done in
Origin 7.5 with the Peak Fitting Module. Residence times of C16.0, C18:0, C 18:l,
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C l 8:2, and C l 8:3 FAMEs were determined from injections of analytical reference
standards obtained from Restek.

C =C

'V
v As

(i)

j

With the areas under the peaks fit using Origin, the concentration of FAMEs in each
10 mL sample was back-calculated from the known concentration of the internal
standard (C19:0 FAME), using Equation 1, where Q is the concentration of species I,
Cs is the concentration of the internal standard (0.1 mg/mL C19:0 FAME), Ai is the
area under peak I, and As is the area under the peak of the internal standard.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Algae Culturing

4.1.1 Species Screening and Selection

Growth experiments were performed with all six strains, but the Dunaliella tertiolecta
strain was very quickly eliminated due to a comparatively low neutral lipid content as
determined by the Nile Red fluorescence technique. The two Nannochloropsis sp.
strains, Dunaliella salina, Chlorella salina, and Chlorella sp. were cultured under
“normal growth conditions,” 24 hours hypo-osmotic stress, 24 hours high UV-A light,
24 hours high UV-B light, and nitrogen deficient growth medium. Samples were
taken at regular intervals from these cultures and were diluted to 0.2 absorbance at
687 nanometers (later 0.05 absorbance), and fluorometric data were collected
according to the Nile Red Fluorescence technique. Fluorometric data from the
samples taken looked similar to that shown in Figure 4.1. Figure 4.1 shows the initial
reading, then a peak value and slow decay of the reading magnitude. The time to
reach the peak was species dependant; the Chlorella and Dunaliella showed a peak
fluorescence reading (and decay of that reading) in about 6 minutes, while the
Nannochloropsis strains took up to 90 minutes. With this screening procedure the
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Dunaliella salina and Chlorella salina species were quickly eliminated based on the
fluorometric performance. Some of this raw data can be seen in the Appendix A.
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Figure 4.1: Example of Fluorometric Data for Chlorella salina , Chlorella sp., and Dunaliella
salina
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Figure 4.2: MPNF of Chlorella sp., Nannochloropsis I & II with Hypo-osmotic and Low Nitrogen
Stress

In Figure 4.2, an example of early screening data comparing control cultures of
Chlorella sp., Nannochloropsis I and II to cultures of the same age that have been
subjected to hypo-osmotic and low nitrogen stress. The y-axis shows the Mean Peak
Normalized Fluorescence (MPNF), which is the mean peak fluorescence of multiple
samples that have had their concentrations normalized to the same turbidity at 687
nanometers.

Eventually the decision was made to focus on culturing Chlorella sp. Chlorella sp.
was the third highest oil producer, behind Nannochloropsis I and II, but this decision
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was based not only on the oil content determined by the Nile Red Fluorescence
technique, but also on more practical issues. The Chlorella was by far the fastest
grower (based on optical density measurements), and the cultures seemed resistant to
contamination and collapse. Thus, experiments were designed to determine the best
growing conditions to produce both large amounts of cells, and as high oil content as
possible.

4.1.2 Growth Condition Experiments

A set of experiments was carried out with Chlorella sp. where easily changed factors
could be examined for their effect on the growth (density) of the cells and their oil
content. It is true that factors such as light intensity and CO 2 concentration in the
feed gas are critical to the growth and oil content of the cultures, but these were not
easily changed in the photobioreactor setup that was used. The easily changeable
factors that were used turned out to be salinity and nitrogen content, both controlled
by the growth medium mixture used for the experiments. In this case, salinity was set
at two levels, and nitrogen was set at three levels, with the treatment structure detailed
in Table 4.1 and shown graphically in Figure 4.3.

Table 4.1: Treatment Structure for Chlorella sp. Growth Medium
Trial
1
2
3
4
5
6

Salinity (M)
0.1
0.1
0.1
1.0
1.0
1.0

Nitrogen (mM)
5.2
0.1
0
5.2
0.1
0

Condition
Lo NaCI, Normal N
Lo NaCI, Lo N
Lo NaCI, No N
Hi NaCI, Normal N
Hi NaCI, Lo N
Hi NaCI, No N
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■ Nitrogen (mM)
B Salinity (M)

Figure 4.3: Treatment Structure for Chlorella sp. Growth Medium

The 4 day growth experiment provided three sets of data (Figures 4.4, 4.5, and 4.7)
from the daily sample processing: these were culture density measured by turbidity at
687 nanometers, MPNF, and a composite oil content that was found by multiplying
the turbidity readings by the MPNF values. It is important to note that the turbidity
was correlated to the mass of chlorophyll by performing a series of chlorophyll
extractions performed on the cell cultures. The linear correlation that was found is
shown in Equation 2, where Cc is the concentration of chlorophyll (pg/mL) and A is
the absorbance (turbidity) of the culture at 687 nm.

Cc = 14.4* A

(2)

It is known that chlorophyll concentration increases faster than cell number at high
culture densities (due to the cells adding more antennae chlorophyll), but these
47
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readings track the total culture biomass in a very linear fashion. In this sense, using
optical density (absorbance) measurements is a good approximation of culture
biomass.

In Figure 4.4, the culture density, measured by turbidity can be seen for the 6
different growth media. It is clear from the figure that the “normal” growth medium
recipe produces the fastest growing cultures. The high salt and low nitrogen
concentrations both act as significant inhibitors of culture growth.
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Figure 4.4: Cell Density over Time (Chlorella sp.)

However, in Figure 4.5, it can be seen that the neutral lipid content of the cells is
almost the complete opposite of the culture density, with the high salt cultures
producing more nonpolar lipids. This is consistent with expectations, since while the
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cells are growing rapidly, neutral lipid (which is what MPNF is measuring) is not
accumulated. That is, the cells are either not storing energy in neutral lipids, or they
are consuming it as fast as they grow - both for energy and to make polar
phospholipids and glycolipids. It appears from these trials that the low nitrogen
content had less effect than the salinity, especially for the no nitrogen added cultures.
Here the growth seems to have been so slowed that the cells could not produce either
more cells or oil.
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Figure 4.5: Mean Peak Normalized Fluorescence (Chlorella sp.)

In fact, based on analysis of MPNF data with the statistical software package JMP
6.0, it can be shown that higher salt is a significant factor for producing a higher
fluorescent reading. This can be seen in Figure 4.6, which shows “Prediction
Profiler” results from JMP. On the left side of this figure, Line 1 shows the
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prediction of the fluorescence as salt concentration increases, while Point 2
(crosshairs) show the maximum effect of these within the concentration range
examined. On the right side of the figure, Line 3 shows a very weak interaction
between nitrogen concentration and oil content, largely because of the low
fluorescence of the no nitrogen added samples. Point 4 shows the maximum
predicted fluorescence based on nitrogen concentration, but since this interaction is so
weak little conclusion should be drawn from it. The lines parallel to Lines 1 and 3 are
the range of the predicted fluorescence based on the analysis.
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Figure 4.6: Prediction Profiler Results for Salt and Nitrogen Concentration

However looking back to Figures 4.4 and 4.5, it is clear that cultures may be growing
rapidly but producing little neutral lipid. Conversely cultures may be growing slowly
(i.e. cell concentration is not increasing quickly) and producing more neutral lipid.
Because of this problem there is need for a comparison that combines culture density
and oil production. This can be found in the “Composite Oil Content,” which is the
product of culture density and the MPNF (having units of arbitrary fluorescence units

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

per mL of cell culture). This number thus gives an approximation of the “total oil
amount” of specific culture. This can be seen plotted in Figure 4.7. From this graph,
it is clear the “normal” growth conditions of nitrogen sufficiency and low salinity (0.1
M NaCI, 5.2 mM N) produce so many cells that it more than makes up for the low oil
content of each cell.
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Figure 4.7: Composite Oil Content (Chlorella sp.)

It is important to point out here that the “neutral lipid” mentioned here is only a
surrogate of the “total lipid” that can be extracted from the cells. This total lipid
includes nonpolar or neutral lipids, as well as polar lipids such as the phospholipids
and glycolipids, in addition to “lipid-like” molecules, such as sterols, sterol esters,
and pigments. Since the goal is to make FAMEs from the cells, it must be
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remembered that some of the polar lipids may be available for FAME production just as the neutral lipids are.

4.1.3 Large Scale Culturing

In addition to small test tube growth condition trials, the culture density and MPNF of
two batches grown in 89 liter photobioreactors were also tracked. Although some
semi-batch operation of these large photobioreactors was also carried out simply to
produce cells, no culture density, MPNF, or pH data exists for this operation.

For the first of two density and MPNF-tracked trials, the “normal” growth recipe with
sufficient nitrogen and low salt was used (5.2 mM N, 0.1 M NaCI). The culture was
tracked for 27 days until it was harvested, with the culture pH being added to the
collected data for each sample. In the second trial, the culture growth medium recipe
was modified to have Vi the normal amount of NaCI, MgS 0 4 , and K N O 3 since the
lower salt concentrations would facilitate faster initial growth, but the lower nitrogen
amount would attempt to make the cells more nitrogen limited as the culture reached
its maximum density. Also, the pH was spiked up to a pH of 10-10.5 with K O H
solution on days 9, 11, 13, and 15 after measurements were taken. A summary of the
two large scale culture trials can be seen in Table 4.2.
Table 4.2: Summary of Large Scale Culture Trials
Trial

1
2

Growth Medium

Length of Trial

pH Adjustment?

normal growth medium
normal growth medium,with 1/2 amount
of NaCI, MgS04, and KN03

27 days
.y .
' aays

none
KOH additions on days 9,
11, 13, and 15
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In Figure 4.8, the cell density can be seen over the length of the first trial. The
perturbation at 14 days is of an unknown cause, although sampling error cannot be
ruled out. Although the culture density increases consistently through the trial, it is
likely that by about day 15, the culture is quite light limited (based on turbidity
readings and the 12 inch tank diameter). At this point the culture is optically “black”
and using all the light that is available to it. Under light limited conditions, nitrogen
concentration probably ceases to be an important factor in limiting growth.
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Figure 4.8: Cell Density (Trial 1)
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In Figure 4.9, the MPNF for Trial 1 can be seen. The plot shows a dip during the
exponential growth phase until about day 15, when the MPNF value begins to pick
back up. This is consistent with expectations since while the cells are growing there
is little net accumulation (in this case it is a net depletion) of neutral lipid until the
culture becomes limited somehow, which was likely a light limitation.
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Figure 4.9: Mean Peak Normalized Fluorescence (Trial 1)
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In Figure 4.10, the composite oil content is plotted for Trial 1. This shows a clear
upward trend which becomes more dramatic at the end of the trial, likely because the
MPNF begins to increase.
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Figure 4.10: Composite Oil Content (Trial 1)
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In Figure 4.11, the pH of the culture is plotted over time. It can be seen that the pH
rapidly increases from a pH of 7 to a stable pH of about 9. This seems to be a
consequence of 24 hour illumination, and is a result of light-induced proton and CO 2
uptake by the microalgal cells. This is consistent with the experiments of Guckert
and Cooksey (1990), as well as others (Armstrong and Calder 1978).
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Figure 4.11: pH (Trial 1)
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In Figure 4.12 the culture density, MPNF, composite oil content, and pH are shown
together over the duration of Trial 1. From this plot, it is important to note the
increase in MPNF that seems to contribute to the increase in composite oil content.
This figure is important for comparison with Trial 2.
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Figure 4.12: Cell Density, MPNF, Composite Oil Content, and pH (Trial 1)
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In Figure 4.13 the cell density for Trial 2 is shown much the same as it was for Trial
1. In Trial 2, the starting growth medium had Yi the amount of magnesium sulfate
(2.5 mM), sodium chloride (0.05 M), and potassium nitrate (2.6 mM) as compared
with the growth medium in Trial 1. In addition, potassium hydroxide solution was
added to the culture on days 9, 11, 13, and 15, before the culture’s harvest on the 17th
day after starting. The additions of potassium hydroxide are marked on the figures
with black arrows, indicating days that had a pH adjustment. The purpose of raising
the pH was to attempt to push the already dense cell culture into a phase where the
individual cells did not divide because of the unfavorable condition. Potassium
hydroxide solution was always added after cell density, MPNF, and pH data was
taken for that day.
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Figure 4.13: Cell Density (Trial 2)
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Figure 4.14 shows the MPNF for Trial 2. The drop in MPNF after the start of the
culture is similar to the drop seen in Trial 1. The slope of the rise in MPNF becomes
much steeper after day 13, likely due to the effect of the high pH slowing down the
cultures, but also potentially from the lower starting concentration of nitrogen leading
to a nitrogen deficiency in the culture. The MPNF reached in Trial 2 is at a peak of
approximately 70 fluorescence units/0.72 ug chlorophyll when the cells were
harvested, reached in only 17 days, whereas in Trial 1, the culture was harvested at a
peak MPNF of about 50 fluorescence units/0.72 ug chlorophyll, which was reached
after 28 days.
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In Figure 4.15 the composite oil content for Trial 2 is shown over time. Not
surprisingly, the stressed cells in Trial 2, produced far fewer cells (lower cell density),
such that even though they had a significantly higher MPNF, they produced a
composite oil content of around 16, while simply be producing more cells, Trial 1 had
a final composite oil content around 35.
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Figure 4.15: Composite Oil Content (Trial 2)
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In Figure 4.16, the pH of Trial 2 is represented over the life of the culture. Each pH
reading was taken before pH adjustments. That is, the potassium hydroxide addition
that was added to the culture on days 9, 11, 13, and 15 was added after these values
were taken. Each time the pH was raised to 10 or 10.5, the pH had returned to
approximately 9.5, except for days 15 and 17, where the pH starts to stabilize around
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Figure 4.16: pH (Trial 2)
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In Figure 4.17, the cell density, MPNF, composite oil content, and pH are represented
on the same plot over the duration of Trial 2. It can be seen that the composite oil
content is kept comparatively low because of the culture never reaches the same
density. However, the MPNF does begin to spike upwards after 2 additions of the
potassium hydroxide solution.
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Figure 4.17: Cell Density, MPNF, Composite Oil Content, and pH (Trial 2)

The large scale growth experiments performed largely confirmed what was
understood from both the currently available literature and the previous growth
experiments. That is, cell cultures must be provided with sufficient nutrients to
achieve high densities, but they will not increase cellular oil content until some
growth inhibition is provided.
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4.2 Solvent Extraction and FAME Analysis

4.2.1 Solvent Extractions

Solvent extractions performed on freeze dried algal cells yielded total lipid amounts
for three specific growth cases. The first was the average of three solvent extractions
performed on cells harvested during a semi-batch operation of the photobioreactors.
The cultures were allowed to reach a high density, then some of the tank volume was
harvested, and fresh growth medium was added to bring the tank level back up. This
process was repeated until the tanks were finally completely harvested and cleaned.
The solvent extractions for this first case should not be considered to be an attempt to
optimize oil content of the cells, and no corresponding fluorometric data exists to
compare to the lipid content. Volumetric productivity from this semi-batch operation
was approximately 0.5 g dry cells/L harvested culture.

The second growth case was referred to as “Trial 1” in the section on large scale
culturing. For this case, as pointed out previously, culture density, MPNF, and pH
were tracked over the life of the culture. The harvest was timed to coincide with a
slight upswing in MPNF. Here volumetric productivity was approximately 1 g dry
cells/L harvested culture or about 60 g dry cells per tank grown (despite the tank
being 89 L, the harvest volumes worked out to be about 60 L due to not using the full
tank volume and evaporation losses).
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The third growth case was referred to as “Trial 2” and should be considered the “pair”
to Trial 1. The same measurements were taken over the life of the culture but KOH
was added to increase the pH and consequently the harvest was timed to happen after
a rapid upswing in MPNF. For Trial 2, the volumetric productivity was
approximately 0.5 g dry cells/L harvested culture or about 30 g dry cells per tank
grown.

Table 4.3: Total Lipid as Percent of Dry Weight for Solvent Extractions
Case #
Trial #
Total Lipid (% of dry mass)
Harvest Time (days)

1
8.1%
semi-batch

2

3

1

2

9.2%
26

9.5%
17

As can be seen in Table 4.3, Cases 2 and 3 (Trials 1 and 2) had a significantly higher
lipid mass (see Appendix B for raw data) than the semi-batch operation. This same
data is shown graphically in Figure 4.18.
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Figure 4.18: Total Lipid for Semi-batch and Straight Batch Photobioreactor Operation

The increased total lipid content for Trials 1 and 2 is most likely attributable to the
timing of harvests to a higher MPNF reading. At the same time, the lipid masses of
Trial 1 and 2 are not significantly different from each other, despite the MPNF of
about 50 arbitrary fluorescence units/0.72 pg Chlorophyll for the former and about 70
arbitrary fluorescence units/0.72 pg Chlorophyll for the latter. After a certain point,
the higher MPNF was probably due to an increase in neutral lipid, but not in total
lipid. This is likely due to a relative increase in neutral lipid, which is what the Nile
Red fluorescence technique measures, at the expense of polar lipid. This distribution
shift from polar to nonpolar lipids when algal cells are stressed (in addition to effects
on total lipid production) was also observed by Guckert and Cooksey (1990) with
Chlorella sp. An approximate summary of the shift they observed can be seen in
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Table 4.4. The most dramatic increase in neutral lipid, at a pH greater than 11, also
coincided with a total lipid production of only 60% of that below pH 11 (lipid
production masses for pH <10 and pH from 10-11 were both the same).

Table 4.4: Approximation of pH Dependant Lipid Distribution Shift, Guckert and Cooksey
(1990)
pH

Neutral

Polar

Total

<10

2%

98%

100%

10-11

4%

96%

100%

>11

20%

80%

100%

The raw data for the gravimetric total lipid determination for this thesis can be seen in
the Appendix B.

4.2.2 Solvent Extracted Lipid GC Data

Solvent extracted samples were derivatized to FAMEs and then analyzed with the
GC. At first, samples were derivatized with a potassium hydroxide/methanol solution
that contained too much catalyst (KOH), and yields were quite low. Potassium
hydroxide concentrations of 0.1 M, 0.01 M, 0.005 M, and 0.001 M in methanol were
all tried, with 0.005 M giving the highest recovery of identifiable FAMEs.

With the low FAME yield problem corrected, the solvent extracted FAMEs were
identified from the chromatograph data and quantified based on the concentration of
the C l9:0 internal standard. Since only cells from the aforementioned “Trial 1” batch
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were used for the in situ treatments, only those solvent extracted lipid samples from
the same batch are compared here.

Table 4.5: Average Identifiable FAMEs from Solvent Extracted Lipid (mg/g dry algae)

Rep
1
2

C16:0
(mg)
1.29
1.26

C18:0
(mg)
0.00
0.00

C18:1
(mg)
1.67
1.60

C18:2
(mg)
3.07
2.93

C18:3
(mg)
3.89
3.71

C19.0
(mg)
1.00
1.00

Avg.

1.27

0.00

1.63

3.00

3.80

1.00

Total Identifiable FAMEs
(mg)

As can be seen in Table 4.5, there was good repeatability for the different sample
injections in the GC. Here the two separate injections are denoted by the “Rep” row,
and the average concentration of the two is the bolded “Avg.” row. The average total
identifiable FAMEs are about 1.07 mg/mL in the 10 mL sample, which corresponds
to 10.7 mg of identifiable FAMEs per gram of dry cells (or 0.97 mg/mL and 9.7 mg
respectively, if the added C l9:0 FAME is discounted). It is important to note that
with both the solvent extracted samples and the in situ prepared samples, there were
compounds on the chromatogram that came out in the same time range as the
identifiable FAMEs. These compounds were most likely different FAME molecules
(likely C l6:1 and C l6:2) for which reference standards were not used. In general, the
amounts of these FAMEs were small relative to the identified FAME molecules.

In Figure 4.19 an example of a successful in situ GC chromatogram is shown (data
taken from in situ trial 1.1.1). Successful derivatization (for the solvent extracted
samples) and successful in situ runs both looked very similar to this. Runs that
produced no FAMEs had only the peak for the C l9:0 FAME. In Figure 4.19, the dots
are the detector response, while the line outlines the area that was fit using the peak
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fitting software. The two peaks between C l6:0 and C l8:1 are unidentified FAMEs,
possibly C16:l andC16:2.
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Figure 4.19: Example GC Data (gray dots) with Peak Fit (red line), data from /n situ Trial 1.1.1

In Figure 4.20 an example of an unsuccessful in situ GC chromatogram is shown
(data taken from in situ trial 1.3.1). This run shows only the peak for the C19:0
FAME and some very small amounts of other compounds. When comparing to
Figure 4.19, it is important to note the scale difference and that the C19:0 FAME
residence time changes slightly when there are other FAMEs in the sample. That is,
in samples with large amounts of dissolved FAMEs, the 0 9 : 0 residence time in the
column shifts to slightly later. Its presence was positively identified by adding higher
amounts of 0 9 : 0 to verify that this was in fact the internal standard peak.
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When comparing any of the GC data it is important to remember that 0.1 mg C19:0
FAME was added to each of the 1 mL samples for use as an internal standard, and
total FAME values should be interpreted accordingly.
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Figure 4.20: Example GC Data (gray dots) with Peak Fit (red line), data from In situ Trial 1.3.1

4.3 In situ FAME Production

4.3.1 In situ FAM E Production GC Data

In Table 4.6 the identifiable FAMEs from the in situ production method can be seen.
The separate injections are denoted by the “X .X .l” and “X.X.2” designations, while
the average concentration is marked by the bolded “X.X” row. Here the sample trial
designation refers to the treatment structure laid forth in Table 3.3 (Runs 1 and 2) of
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Chapter III. Table 12 shows the GC data from Run 1. Run 2 data is not shown since
it was performed only to ensure that repeatability could be achieved from sample
preparation, and thus is a duplicate of these data.

Table 4.6: Average Identifiable FAMEs From In situ Prepared Samples

Trial
1.1.3
1.1.4

1.1
2.1.3
2.1.4

C16:0

C18:0

C18:1

C18:2

C18:3

(mg)

(mg)

(mg)

(mg)

(mg)

(mg)

1.936
1.960

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

2.020
2.003

3.087
3.123

3.234
3.279

1.000
1.000

2.012

3.105

3.256

1.000

0.029
0.030

0.044
0.045

0.055
0.057

1.000
1.000

0.029

0.045

0.056

1.000

0.053
0.037

0.077
0.049

0.111
0.090

1.000
1.000

0.045

0.063

0.100

1.000

0.000
0.000
0.000
2.040
2.030

0.000
0.000
0.000
3.066
3.088

0.000
0.000
0.000
3.291
3.339

1.000
1.000

1.000

2.035

3.077

3.315

1.000

0.079
0.067

0.125
0.085

0.196
0.158

1.000
1.000

1.948
0.043
0.041

2.1
3.1.4
3.1.5

0.042
0.102
0.071

3.1

0.086

4.1

0.000
0.000
0.000
1.875
1.867

4.1.4
4.1.5
5.1.3
5.1.4

5.1
6.1.3
6.1.4

1.871
0.146
0.114

6.1
7.1.3
7.1.4

0.130
0.231
0.079

7.1

0.155

8.1

0.000
0.000
0.000

8.1.5
8.1.6

C19:0

AVG
TOTAL
FAME

11.321

1.172

1.295

1.000

1.000
1.000

0.073

0.105

0.177

1.000

0.226
0.063

0.369
0.104

0.399
0.125

1.000
1.000

0.144

0.237

0.262

1.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

1.000
1.000

1.000

11.298

1.485

1.798

1.000

Runs 3 and 4 where no catalyst was added, and Run 5 where very low catalyst
concentration was used all produced very little identifiable FAME product, and are
thus not reported here. However, Run 6 provided a clearer picture of optimal
potassium hydroxide concentration. In addition, since no 1 hour heating was
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provided after ultrasonication, it established that this heating period was unnecessary
to FAME production. The average total FAME amounts can be seen in Table 4.7 for
Run 6 .

Table 4.7: Average Identifiable FAMEs from Run 6

C18:1

C18:2

Trial

C16:0

(mg)

(mg)

(mg)

(mg)

(mg)

(mg)

1.6.1
1.6.2

3.080
3.279

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

2.993
3.175

4.704
4.969

4.294
4.320

1.000
1.000

3.084

4.837

4.307

1.000

1.941
2.654

3.103
4.162

3.347
4.225

1.000
1.000

2.298

3.632

3.786

1.000

1.909
2.100

2.660
2.935

2.984
3.197

1.000
1.000

2.004

2.797

3.091

1.000

1.6
2.6.1
2.6.2

3.179
2.000
2.488

2.6
3.6.1
3.6.2

2.244
1.430
1.567

3.6

1.499

C18:0

C18:3

C19:0

AVG
TOTAL
FAME

16.407

12.960

10.391

A side by side comparison of these data based on the different treatments can be seen
in Figures 4.21 through 4.26. Here the eight trials are broken down for comparison in
3 dimensional plots.
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In Figure 4.21, the four trials performed with 20 mL of methanol are plotted to
observe the effect of both the length of ultrasonication time and the effect of the
potassium hydroxide concentration. It is clear that the 0.2 N KOH solution is simply
too strong to provide good FAME yields regardless of ultrasonication time. The 0.1
N KOH solution clearly provides higher FAME yields.
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Figure 4.21: Run 1 Trials with 20 mL Methanol
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In Figure 4.22, the trials with 40 mL of methanol are compared. The 0.1 N KOH
solution is superior, but interestingly, with a higher working volume, the 10 minutes
of ultrasonication is no longer sufficient to provide the highest FAME yield. These
yields, even for the 20 minutes ultrasonication and 0.1 N KOH are very low.
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Figure 4.22: Run 1 Trials with 40 mL Methanol
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In Figure 4.23, the trials with 10 minutes of ultrasonication are compared. Again it is
clear that the 0.1 N KOH and the lower working volume of methanol are the best
combination.
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Figure 4.23: Run 1 Trials with 10 mill Ultrasonication
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In Figure 4.24, the trials with 20 minutes of ultrasonication are compared. Here again
it is the 0.1 N KOH and the lower working volume of methanol are the best
combination. In this plot, the blank trial with only methanol (40 mL) and freeze dried
cells (no KOH catalyst) is shown.
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Figure 4.24: Run 1 Trials with 20 min Ultrasonication
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In Figure 4.25, trials with 0.1 N KOH are shown. For this KOH concentration, higher
amounts of methanol dramatically decrease yields, regardless of ultrasonication time.
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Figure 4.25: Run 1 Trials with 0.1 N KOH
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In Figure 4.26, trials with 0.2 N KOH show that overall yields are very low from this
concentration. O f these, less methanol and longer ultrasonication time produce the
best results.
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Figure 4.26: Run 1 Trials with 0.2 N KOH

Since KOH concentration turned out to be such a large factor in determining FAME
yield from in situ prepared samples, Run 6 examined the use of lower KOH
concentrations when 20 mL of methanol and 10 minutes of ultrasonication were used.
In Figure 4.27, the data from Run 6 can be seen, with the addition of a trial that used
20 mL of methanol, 10 minutes of ultrasonication, but 0.2 N KOH solution.
Interestingly, these samples were prepared with ultrasonication only; that is, without
1 hour of heating following ultrasonication. Since these are actually the highest
yields recorded, it appears that high power ultrasonication provides high enough
temperatures and pressures to foster the FAME production reactions. Here the linear
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trend of increasing FAME concentration with higher KOH amounts is clear, but
based on the previous data, the optimal KOH concentration seems to lie somewhere
around 0.1 N for these freeze dried algae.
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Figure 4.27: Run 6, [KOH] Trials (10 min Ultra/20 MeOH/no 1 hr heating), plus 0.2 N Trial

4.3.2 Explanation of Low Yields

Many of the low yields reported were from trials that had higher concentrations of
KOH catalyst and longer ultrasonication times. The ultrasonication seems to magnify
the effect of the catalyst, for example when biodiesel production from vegetable oil
requires less catalyst when high power ultrasonication is used. In this case, the over
catalyzing of the transesterification reaction and instead favoring the saponification
reaction seems that a possible explanation for these low yields.
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Additionally, Haas (2004) reports that higher catalyst concentrations alone reduce
transesteriflcation yields (for soy flakes), and Ji (2006) reports the same at excess
ultrasonic power densities. Ji offers the explanation that high ultrasonic power
caused excess methanol vaporization and thus a disruption of the proper
stoichiometric ratio and reactant emulsion. Based on this thesis work, that seems
unlikely, as this seems to be a problem with over-catalyzing the reaction, not
stoichiometric ratios or emulsions.

4.3.2 Best In situ Yield vs. Total Available FAME

In Figure 4.28 the highest FAME yield from an in situ prepared sample (sample 1.6)
is compared with the highest FAME yield from a solvent extracted sample. The
purpose of the solvent extraction was to determine the total lipid and baseline FAME
quantities that were available from 1 g of dried algae.
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Figure 4.28: Average Total FAME Yield, Solvent Volume Used, and Processing Time for In situ
Sample vs. Solvent Extracted Sample

In this sense, the in situ FAME production method was a very successful procedure.
This comparison shows that the best in situ trial recovered 150% of the baseline
FAME quantity based on the solvent extraction and derivatization. It is important to
remember that while the methanohtotal lipid mass ratio for the in situ procedures was
exceedingly high (160 g methanol: 1 g total lipid, for the case of 20 mL methanol
added), that for the solvent extraction was also very high (300 g chloroform : 160 g
m ethanol: 1 g total lipid). The derivatization of the solvent extracted lipid was
performed with only 10 mL of methanol, compared to the 20 mL added to the best in
situ sample, so it true that this comparison is not on a completely level field.
However, the effect of using 10 mL instead of 20 mL is not likely to produce
significantly fewer FAMEs since the mass (and hence molar) ratio of methanol to
total lipid mass is already very high. That is, if the entire solvent extracted lipid mass
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were assumed to be palmitic acid, the molar ratio of methanol to reactant fatty acid
would be about 640:1 (the in situ procedure would be around 1200:1 according to this
approximation), much higher than the often reported 6 : 1 .

The 16 mg/g dry algae Total Identifiable FAMEs from the best in situ sample
corresponds to approximately 0.96 g of identifiable FAMEs produced from one 60 L
harvest (1.5 mg FAME/hr, 0.025 mg FAME/g algae*hr),, since the dry algae cells
used were taken from the “Trial 1” large scale batch culture. This may seem
unimpressive, but this system was not optimized for algae production and maximum
possible cell oil content was not the main goal of the project.

More importantly for the comparison of the two methods the in situ transesterification
was achieved in only 10 minutes, while the solvent extraction took 24 hours plus the
1 hour transesterification time, not including time to allow phase separation or sample

drying.
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CHAPTER V

CONCLUSIONS

5.1 Growth Condition Conclusions

The work from this project on growth conditions shows how simple it is to culture
Chlorella sp. and how challenging it can be to increase its oil content. The problem
encountered with attempting to induce nitrogen deficiency highlights this: add too
much nitrogen and the culture will not be nutrient limited, but add too little and it will
not grow. It seems that it is much easier to use an alkaline solution to cause a high
pH in a dense growth medium and slow down the cell division in that manner. A
high salt stress could possibly be used in a similar fashion. Regardless of the type of
stress, it seems clear that it is much more productive to grow up a dense culture under
near-optimal growth conditions then induce a stress on the culture. In this fashion,
reasonable total lipid quantities were recovered from Chlorella sp. (10% of the dry
mass).
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5.2 In situ Conclusions

The comparison of the in situ trials to the solvent extracted trials was extremely
successful. While neither process is completely optimized, the in situ procedure
seems to be able to produce 150% of the FAMEs that are produced from solvent
extracted lipid. In addition, the process is completed in a matter of minutes, rather
than hours or days. At the very least, this procedure may be an attractive alternative
to standard FAME derivatization techniques.

The main drawback that the author sees to implementation of this in a large scale
industrial setting is the water content of the algal solids. The freeze dried algal cells
used for this thesis project have a water content of less than 1%. In any industrial
setting, achieving such low water content is not feasible, so processing with water
would be a requirement. However, the presence of water during a base-catalyzed
transesterification can lead to soap formation (soap is a salt of a fatty acid), which is
not desirable. Thus for any such application the use of an acid or alternative catalyst
would be advantageous.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER VI

FUTURE WORK

6.1 Full Growth Characterization

Although not performed for this thesis work do to time constraints, full growth
characterization of batch cultures of Chlorella sp., from seeding until culture collapse
(taking optical density, NRFT, and pH data), is a very important piece of work that
needs to completed in this area. Not only will it allow for a more complete
understanding of the culture growth behavior and culture response to stresses (low
nitrogen, high pH, etc.), but it will allow for a better timing of harvests. Better
harvest timing may be able to increase the total lipid content of the harvested cells, or
at least increase the neutral lipid content (which is what MPNF measures).

6.2 Polar and Nonpolar Lipid Distribution Analysis

Fitting very closely with better growth characterization is quantitative analysis of the
polar and nonpolar lipid distribution for Chlorella sp. This is important to understand
how induced stresses, like low nitrogen and high pH, affect the production of the
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polar and nonpolar lipids. The lipid distribution has implications for FAME
production, as nonpolar lipids are generally the preferred feedstock oil.

6.3 In situ Processing without Ultrasonication

In situ processing without ultrasonication is an important piece to round out this
work. It is important to note that preliminary results showed lower yields than when
ultrasonication was used, but a more formal comparison would still be useful. The in
situ processing without ultrasonication would require the 1 hour heating step to added
back to ensure the transesterification reaction had the proper temperature to proceed.

6.4 Acid Catalyzed In situ Processing

Acid or another alternatively catalyzed in situ processing method should be
examined. In addition to simply providing a comparison to the base catalyzed
process, the acid catalyzed FAME production process does not have the same
problem that the base catalyzed process does with soap formation. That is, since
there are no cations (Na+, K+) in solution, saponification will not happen even is
water is present in the algal cells. This is important because in any industrial
application of the in situ technique, algal cells would certainly have a higher water
content than the freeze-dried matter.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Therefore, in addition to experiments with an acid catalyzed in situ process performed
on freeze-dried cells, unfreeze-dried (perhaps low temperature oven-dried) cells
should be used for both the acid catalyzed and the base catalyzed process. This will
give the necessary comparison to determine if water content and soap formation
actually are problems, and whether the acid catalyzed process can overcome this.
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APPENDIX A
Fluorescence Data
6/19/06
Mean Peak Fluorescence
(absorbance 0.2 @ 687 nm)

Species

T reatment

Chlorella sp.
Chlorella sp.
Chlorella sp.
Nannochloropsis sp.
Nannochloropsis sp.
Nannochloropsis sp.
Nannochloropsis sp.
Nannochloropsis sp.
Nannochloropsis sp.

Control
24 hrs hypo-osmotic stress
nitrogen deficient
Control
24 hrs hypo-osmotic stress
nitrogen deficient
control
24 hrs hypo-osmotic stress
nitrogen deficient

I
I
I
II
II
II

78
60
76
111
140
75
146
144
113

6/9/06
Mean Peak Fluorescence (absorbance
0.2 @ 687 nm)

Species/T reatment

Chlorella sp./control
Chlorella sp./24 hrs hypo-osmotic stress
Chlorella sp./24 hrs UVA
Chlorella sp./24 hrs UVB

48
146
86
79

Chlorella salina/control
Chlorella salina/24 hrs hypo-osmotic stress

32
30

Chlorella salina/24 hrs UVB

33

Dunaliella salina/control
Dunaliella salina/24 hrs hypo-osmotic stress
Dunaliella salina/24 hrs UVA

39
43
47

Nannochloropsis sp. I/24 hrs hypo-osmotic stress
Nannochloropsis sp. I/24 hrs UVA
Nannochloropsis sp. I/24 hrs UVA

127
85
116

Nannochloropsis
Nannochloropsis
Nannochloropsis
Nannochloropsis

122
182
79
81

sp.
sp.
sp.
sp.

ll/control
II/24 hrs hypo-osmotic stress
II/24 hrs UVA
II/24 hrs UVB
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6/7/06
Mean Peak Fluorescence
(absorbance 0.2 @ 687 nm)

Species/T reatment

Chlorella sp./control
Chlorella sp./24 hrs hypo-osmotic stress
Chlorella sp./24 hrs UVA

80
152
62

Nannochloropsis ll/control
Nannochloropsis II/24 hrs hypo-osmotic stress
Nannochloropsis II/24 hrs UVA

103
70
74

Nannochloropsis
Nannochloropsis
Nannochloropsis
Nannochloropsis

73
72
63
131

I/control
I/24 hrs hypo-osmotic stress
I/24 hrs UVA
I/24 hrs UVB

Dunaliella salina/control
Dunaliella salina/24 hrs hypo-osmotic stress
Dunaliella salina/24 hrs UVA
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58
67
51

APPENDIX B
Solvent Extraction Data (from Large Scale Growth Cultures)
Trial

Growth Medium

Length of Trial

pH Adjustment?

0
1

normal
normal growth medium
normal growth medium, w /1/2 amount of
NaCI, MgS04, and KNQ3

continuous
27 days

none
none
KOH additions on days 9,
11,13, and 15

2

17 days

Semi-batch
harvests

Trial 0
Solvent
Ext Rep

Dry Algae
Mass

Initial Vial
Mass

Final Vial
Mass

Total
Lipid

(g)

(g)

(g)

(g)

(g)

147.882
146.974
146.738

0.082
0.084
0.080

0.079
0.084
0.080

1
2
3

1.038
1.000
1.000

147.800
146.890
146.658

Corrected for 1 g

0.081

Trial 1
Solvent
Ext Rep

Harvest 2/16
Dry Algae
Mass

(g)
1
2
3

27 days
Initial Vial
Mass

No pH
adjustments
Final Vial
Mass

Total
Lipid

(g)

(g)

(g)

147.370
147.343
146.737

0.103
0.073
0.099

0.103
0.073
0.099

(g)
1.000
1.000
1.000

147.267
147.270
146.638

Corrected for 1 g

0.092

Harvest 3/15

17 days

pH additions
on day 9,11,13,
and 15

S o lv e n t

D ry A lg ae

Initial Vial

F inal Vial

T o tal

Ext Rep

Mass

Mass

Mass

Lipid

(g)

(g)

(g)

Trial 2

1

1.000

147.253

147.348

(g)
0.095

8.1%

9.2%

Corrected for 1 g

(g)
0.095
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9.5%

APPENDIX C
Peak96 Data Transfer Cable Wiring Diagram
Peak96 Data Transfer Cable Configuration

DB 15 Connector
DB 9 Connector
1 4 ------------------ ------- ► 1
2 4------------------ ------- ► 3
NC
SH
SH
NC
NC
NC
NC
NC
NC
NC
NC

3
4
5
6
7
8
9
10
11
12
13
14
15

f 4
T 7
t 8

A
J

SH
SH
SH

4 ------------------ ------- ► 5
6
9

NC
NC

4 ------------------ ------- ► 2

NC = No Connection
SH = Pins shorted together

Peak96 Data Transfer Procedure
1) Run Peak96 on computer that is connected to running HP 3396 Integrator
2) Set integrator settings to save signal file to storage device M, bunched data,
etc (Consult integrator manual)
3) Perform GC run per HP 5890 manual instructions, controlling start of run
from GC keypad
4) After run has ended and signal file is closed (will be displayed on integrator
printout), use Peak96 to transfer file
5) Go to Utilities: Transfer : Integrator-to-PC, hit enter
6) File options to transfer will include “Signal.BNC,” select this and hit enter
7) After file has transferred (1-2 minutes), go to Utilities: Files: Rename, hit
enter
8) From the list of files, select “Signal.BNC” and rename- making sure to add
the “.BNC” extension
9) Next go to Utilities: Files: Export
10) Select file/files to export and export them to the default (Exportl) directory
11) In windows, files can be transferred through e-mail by attaching exported files
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